Deoxyphomalone (1), dimethyl 4-methyl-2,6-pyridinedicarboxylate (2), stemphyperylenol (3), and N-methyl-2-pyrrolidone (4) were isolated from the fermentation broth of a strain of the fungus, Alternaria tenuissima. This fungus was isolated from the soil underlying the lichen, Peltigera didactyla, which had been collected from Wapusk National Park in Northern Manitoba. The structures of the compounds were determined by comprehensive analysis of their spectroscopic data including FT-IR, 1D and 2D NMR spectroscopy and mass spectrometry; and their bioactivities were tested against E.coli cells. The taxonomic identity of the fungus was confirmed by ITS sequencing of its ribosomal DNA.
An excellent source of microbial population and diversity can be found in soil. A handful of soil may contain millions of microorganisms such as fungi. [1] These microorganisms are responsible for a large number of bioactive compounds that have been discovered [2] . Fungi are significant contributors to natural product discovery. Over half of the 23,000 compounds described in a literature survey were of fungal origin [3] . Indeed some studies have shown that as many as half of soil fungi produce antibiotic compounds [4] making them very attractive candidates for natural products discovery. Much effort has gone into screening soil fungi for new lead compounds; and some of the antibiotic drugs in use today are a fruit of those effort. In this paper we describe the isolation and characterization of four natural products produced by a strain of soil fungi isolated from Northern Manitoba soil.
A strain of the fungus, Alternaria tenuissima was isolated from soil underneath a specimen of the lichen Peltigera didactyla that had been collected in Wapusk National Park in Northern Manitoba, Canada. The soil sample was cultured on potato dextrose agar media and subsequent sub-culturing was carried out to produce a monospore culture. Liquid fermentation cultures were grown in potato dextrose broth media and bioassay-guided fractionation of the ethyl acetate extract led to the isolation of compounds 1 -4. The biological activity of all compounds were tested on LB broth agar inoculated with Escherichia coli culture (optical density = 1). Only compound 1 showed slight bioactivity, as indicated by a zone of clearing of bacterial growth. The taxonomic classification of the fungus was confirmed by sequencing of the internal transcriber region of its mitochondrial DNA, which identified the fungus as a strain of Alternaria tenuissima. The aromatic proton in 1 had an unusually low chemical shift (5.9 ppm) and the chemical shift of the hydroxyl proton is additional confirmation of intra-molecular hydrogen bonding. This is consistent with the hydroxyl group being attached to the β-carbon (with respect to the ketone), as this is the optimum position for hydrogen bonding. Correlations between the H-9 and H-10 protons, as well as between the H-9 and H-8 protons, were established by 1 H-1 H COSY experiments, which also confirmed coupling between the H-12 and H-13 protons. All proton-carbon connectivities were confirmed by HSQC. In the HMBC spectrum, long-range correlations between H-8 and C7, and H-9 and C7 were observed. This confirms the proximity of the keto group (C7) to the C8-C10 alkyl chain. The HMBC spectrum also showed long-range coupling involving H-12 and several carbons, C4, C5 and C6. Long range coupling was also evident between H-13 and C5, as well as between H-3 and C1, C4 and C5. Moreover, the spectral data obtained in this experiment were identical to those reported in the literature [5] . These observations are fully consistent with the proposed structure of 1.
The first and only reported isolation of deoxyphomalone (1) ( Figure 1 ) was from Phoma etheridge, an endophytic fungus [5] . It was isolated alongside phomalone (hydroxylated at C-13), an antifungal metabolite from the same fungus. Deoxyphomalone (1) . The HSQC experiment established the expected proton-carbon direct connectivities. The HMBC experiment also helped to confirm the carbon skeleton. A longrange correlation between the aromatic protons and the benzylic methyl carbon was observed. There was also long-range correlation between the methoxy protons and the carbonyl carbon as well as between the methyl protons and C3, C4 and C5 ( Figure 2 ). These data are all consistent with the proposed structure of the molecule. Dipicolinic acid, (2,6-pyridinedicarboxylate) is a well-known product of bacteria endospores and has been implicated in the conferment of heat resistance to the endospores [6] . Purified dipicolinic acid has also demonstrated insecticidal [7] and antibacterial properties [8] . Several strains of fungi, including the entomogenous Cordyceps militaris [9] , have been reported as producers of dipicolinic acid. However, there appear to be no reports of the isolation of either 4-methyl-picolinic acid or the dimethyl derivative (i.e. 2) as a natural product. It may be likely that the esterification may have occurred during the isolation procedure as we did observe a trace amount of the mono-methyl ester in the The relative stereochemistry at positions 5 and 6 can be inferred from the vicinal J-coupling constants. 3 J 6-5 and 3 J 6-7b were both large, implying a diaxial (trans) relationship between H-6 and H-5, as well as H-6 and H b -7. The absolute configuration of both stereogenic centers in 3 was established as (R) in a previous work [10] . Further experiments were carried out to ascertain the absolute configuration of compound 3. The specific rotation ([α]) of compound 3 was +461.5, which was comparable with the literature value of +415 [10] . This suggests that the absolute configuration of 3 at positions 5 and 6 is the same (R) as reported in the literature.
In the 13 C NMR spectrum, there were three deshielded sp 3 (Figure 3 ). The HSQC experiment established all direct proton -carbon connectivities while the 1 H-1 H COSY showed a correlation between H-6 and H-7, H-6 and H-5, and between the adjacent aromatic protons. Further confirmation of the proposed compound was provided by the HMBC which displayed long-range correlation of the H-7 protons with C5 and C8 (Figure 3 ). These conclusions are consistent with previously reported data [10] . Stemphyperylenol (3) was first isolated from Stemphyllium botryosum in 1986 [10] , and has been isolated from other fungal species since then [11] [12] . In our bioassay 3 displayed low bioactivity (as evidenced by a small zone of clearing) against E.coli. However, stemphyperylenol (3) has been reported to be active against other bacterial organisms including Staphylococcus aureus, and multi-drug resistant Pseudomonas aeruginosa [13] .
Metabolites from a strain of Alternaria tenuissima Natural Product Communications Vol. 10 (1) The pyrollidone motif is a central part of the tetramic acid class of natural products [14] , such as equisetin [15] and the melophlins [16] , where the pyrollidone ring bears an N-methyl substituent. There is a single report of N-methyl-2-pyrollidone (4) being isolated as a metabolite from the marine sponge Clathria frondifera [17] . This is first report of 4 from a fungal source. N-methyl-2pyrollidone (4) has found pharmaceutical applications [18] and is also widely used as a commercial solvent [19] . In a bioassay against E. coli cells N-methyl-2-pyrollidone (4) did not show inhibition of bacterial growth.
In conclusion, we report here a series of secondary metabolites isolated from a strain of Alternaria tenuissima cultured from a sample of soil collected in Northern Manitoba. Deoxyphonamlone (1), and stemphyperlenol (3) have both been previously reported from other strains of fungi. Reported here as a natural product for the first time is dimethyl 4-methyl-2,6-pyridinedicarboxylate (2). In addition, this is the first report of N-methyl-2-pyrollidone (4) as a fungal metabolite. These four metabolites have been reported from the same organism for the first time. Combined with an earlier report [20] this suggests that these strains of soil fungi may be capable of producing unique combinations of secondary metabolites.
Experimental
General: IR, Bruker Alpha FT-IR spectrometer; NMR, Bruker Avance 500 Spectrometer; Optical rotation, Autopol IV polarimeter; CC, Silica gel (40-60 µm). MS, Varian 320-MS triple quad mass spectrometer; UV/Vis, Biochrom Ultraspec 60; PCR experiments were run on a Techne TC-3000 PCR Thermal Cycler. DNA concentration and and absorption spectra were measured on a Thermoscientific Nanodrop 2000c spectrophotometer.
Fungal strain:
A strain of Alternaria tenuissima was isolated from a soil sample underneath the lichen, Peltigera didactyla collected from Wapusk National Park in Nothern Manitoba. The location of collection was N 57° 34′ 32.5″; W 93° 52′ 12.8″. The lichen sample was collected and identified by Dr Michelle Piercey-Normore of the Department of Microbiology at the University of Manitoba.
DNA extraction and amplification:
DNA extraction was made using the GeneJET™ Genomic DNA purification kit with a slightly modified version of the yeast genomic DNA purification protocol. A small amount of mycelia was frozen with liquid nitrogen in a mortar and crushed with a pestle. A portion of the crushed mycelia was then transferred to a 1.5 mL Eppendorf tube where it was resuspended in Yeast lysis buffer. The rest of the procedure was followed as described in the protocol except that 50 µL of elution buffer was used instead of the suggested 200 µL in order to obtain a more concentrated DNA solution. 1780-5′ (SSU rDNA) and ITS2-kL-3′ (ITS rDNA) were used as primer pair for DNA amplification by polymerase chain reaction (PCR).
Internal transcribed region (ITS) sequencing:
The amplified DNA was precipitated and purified by electrophoresis, after which it was sent to Genewiz Inc. (New Jersey) for sequencing. An NCBI blast analysis of the reverse sequence indicated a 99% sequence match with Alternaria tenuissima.
Fermentation culture: A portion of the soil from underneath the lichen sample was applied to potato dextrose agar (PDA) plates and incubated for 10 days at 30°C. Alternaria tenuissima was isolated from the initial culture by sub-culturing on 3 fresh PDA at 30°C for 10 days. The fermentation cultures were made by inoculating two 2 L Erlenmeyer flasks each containing 1 L of potato dextrose broth (PDB) with agar plugs from the sub-cultures. Cultures were incubated in an orbital shaker for 7 days at 30°C and 250 rpm.
Extraction and isolation:
The fermentation media were combined (2 L total volume), filtered through cheese cloth, and extracted with ethyl acetate (2 X 1 L). The combined organic layers were dried (Na 2 SO 4 ) filtered and evaporated to afford the neutral extract. The aqueous layer was then acidified with conc. HCl (pH < 2) and reextracted with ethyl acetate (2 x 1 L). The combined organic layers were dried (Na 2 SO 4 ), filtered and evaporated to leave the acidic extract. An initial trituration (CH 2 Cl 2 ) was followed by repeated chromatography of the soluble portion (See Supporting information for details). Deoxyphomalone (1) (0.2 mg) was identified in one of the fractions based on spectral data. Further purification steps resulted in the isolation of 2.6 mg of dimethyl 4-methyl-2,6pyridinedicarboxylate (2) . The neutral extract of A. tenuissima was separated by repeated chromatography (see Supporting Information) to give a fraction that was identified as stemphyperylenol (3) (1.3 mg). From the same neutral extract was identified N-methyl pyrollidone (4) (0.5 mg).
Bioassay: LB media (5 mL) was inoculated with 200 μL of frozen stock E.coli and incubated overnight at 37°C and 250 rpm. The culture was subsequently diluted with sterile LB broth until an optical density reading of 1 at 600 nm was attained. Half-strength LB agar was inoculated with E.coli culture (OD = 1.0), 200 μL per 1 mL of LB half-strength agar. The inoculated half-strength agar was thoroughly mixed and poured over the previously prepared LB agar, 3 mL per plate. A MeOH/acetone (1:1) solvent mixture was used to make 1 mg/mL solutions of compounds 1 to 4. A 10 μL aliquot of each solution was applied to separate plates. A solvent control, an E.coli negative control, and an usnic acid (10 mg/mL) positive control were included. The plates were then incubated overnight at 37°C after which time the bioactivity was measured as a zone of clearing about the spot where each sample was applied. Supplementary data: Detailed characterization data for compounds 1, 3 and 4 as well as 1 H NMR, 13 C NMR, 1 H-1 H COSY, HSQC, HMBC, FT-IR and mass spectra for all compounds are available in the supplementary data. Also included is a detailed flowchart of the purification procedure and the ITS nucleotide sequence.
